Angiogenesis plays a key role in glioblastoma biology and antiangiogenic agents are under clinical investigation with promising results. However, the angiogenic profiles of patients with glioblastoma and their clinical significance are not well understood. Here we characterize the serum angiogenic profile of patients with glioblastoma, and examine the prognostic significance of individual angiogenic factors. Serum samples from 36 patients with glioblastoma were collected on admission and simultaneously assayed for 48 angiogenic factors using protein microarrays. The data were analyzed using hierarchical cluster analysis. Vessel morphology was assessed histologically after immunostaining for the pan-endothelial marker CD31. Tumor samples were also immunostained for tissue inhibitor of metalloproteinase-1 (TIMP-1). Cluster analysis of the serum angiogenic profiles revealed 2 distinct subtypes of glioblastoma. The 2 subtypes had markedly different tumor microvessel densities. A low serum level of TIMP-1 was associated with significantly longer survival independent of patient age, performance status, or treatment. The serum angiogenic profile in patients with glioblastoma mirrors tumor biology and has prognostic value. Our data suggest the serum TIMP-1 level as an independent predictor of survival.
G lioblastomas are highly vascular tumors that secrete several angiogenic factors. 1, 2 There is a substantial body of evidence that angiogenesis is essential for the proliferation and survival of malignant glioma cells. 3, 4 It has therefore been suggested that inhibition of angiogenesis might be an effective therapeutic strategy. Recent preclinical and clinical data confirm that inhibiting angiogenic pathways in glioblastoma results in objective responses. 5 -8 The angiogenic characteristics of glioblastoma have been investigated at the tissue level using immunohistochemistry primarily analyzing the vascular endothelial growth factor (VEGF) and the VEGF receptor 2, basic fibroblast growth factor (bFGF) and its receptors and epidermal growth factor receptor (EGFR) and its mutant. 9 -12 Assaying for angiogenic factors in tumor specimens has the major disadvantage of requiring surgery to obtain the tumor sample. Therefore there is increasing interest in detecting circulating markers of tumor angiogenesis, which do not require tumor sampling. Circulating markers may be soluble or cellular and can be measured noninvasively at any stage of treatment. The assessment of the concentrations of circulating angiogenic factors is potentially beneficial as a surrogate marker of the efficacy of antiangiogenic treatments and as a prognostic indicator. For example, the plasma level of bFGF in glioblastoma patients was reduced following successful antiangiogenic chemotherapy with the anti-VEGF agent cediranib. 13 Such assessments might be most valuable in determining biological change in the tumor, particularly in the context of developed resistance to angiogenic chemotherapy. 14 Despite the mounting interest in detecting circulating tumor angiogenic factors, little is known about the serum angiogenic signature of patients with glioblastoma.
Angiogenic profiling has several advantages over the detection of individual angiogenic factors. 15 These relate to the opportunity to study multiple points in a given metabolic pathway and multiple pathways at the same time. Lack of reliance on a single detected marker may therefore improve the reliability of a test that looks at a biological process as a whole rather than at a single point. Additionally, given that protein profiling may study a whole pathway or a series of points along a pathway, there is the potential to evaluate biological characteristics of tumors more fully. Proteomic and more recently genetic profiling of glioblastoma tissue has been used successfully to define tumor subgroups. 16, 17 These techniques also suffer from the disadvantage of requiring tissue samples. It is unclear, however, whether serum angiogenic profiles are as informative as tissue angiogenic profiles. Many angiogenic proteins that function in a paracrine or autocrine manner have short half-lives, due to either serum degradation or hepatic metabolism that may make their serum levels extremely small when compared with levels in the tumor itself. Additionally, many, if not all, angiogenic factors are not exclusive to 1 tumor type, and so the serum measurements may be confounded by other biological processes in the patient. Here we determined serum angiogenic profiles in patients with glioblastoma. Our data indicate that serum angiogenic profiles provide important information about tumor biology. Serum angiogenic profiles can be used to classify glioblastomas into distinct histological subgroups and identify novel prognostic indicators. Some angiogenic factors, however, which carry significant biological information when detected in tumor tissue, are noninformative when assayed in the serum.
Methods

Serum Collection
Our study was preapproved by the Wandsworth Research Ethics Committee. Venous blood samples were collected preoperatively in plain 7 mL tubes from 36 newly diagnosed patients with glioblastoma and 5 control patients who were admitted to the Department of Neurosurgery at St George's Hospital in London. The control patients were admitted for elective spinal surgery for degenerative disease and had no history of malignancy. The samples were left for 60 minutes at room temperature and were then centrifuged at 80 g for 15 minutes. The supernatant (serum) was collected, aliquoted, and stored at 2808C. All patients received 16 mg of dexamethasone per day for at least 48 hours before the blood sample collection. The patients then had surgery (craniotomy with .75% debulking of the enhancing tumor or burrhole biopsy), followed by fractionated radiation therapy of 60 Gy at 4 weeks and temozolomide at 75 mg/m 2 daily for 6 weeks, followed by 150 -200 mg/m 2 for 5 days per month, as tolerated, for 6 months of adjunctive treatment. Clinical data including age, extent of resection, Karnofsky performance score (KPS) at diagnosis, adjuvant treatment, and overall survival from diagnosis were recorded. All glioblastoma patients died during the course of this study.
Serum Angiogenic Factor Assays
The serum samples were thawed and analyzed using protein arrays (Custom G-series Human Cytokines Antibody Array, RayBiotech, Inc., USA). Each sample was simultaneously assayed for 48 angiogenic factors, chosen for their implication in glioblastoma pathogenesis. We used 13 arrays in total with 48 factors per slide (Fig. 1A) . The arrays were processed according to the manufacturer's instructions and 50 mL of undiluted thawed serum was added to each well and incubated overnight with biotin-conjugated antibodies.
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Streptavidin was then added to the antigen -antibody complex. The arrays were read using a GenePix 4000b reader (MDS Analytical Technologies USA) and GenePix Pro version 6.1.0.4 at a photomultiplier tube voltage of 600 kV to produce a signal fluorescence intensity for each spot (Fig. 1B) .
Protein Array Data Analysis
The signal intensity generated from each spot was analyzed using XLStat Pro version 2007 (Addinsoft USA and Microsoft USA, 2007) and WinStat (R. Fitch Software, USA, 2009). The intensities for each duplicated assay were averaged to a single reading. The 3 pairs of positive control spots within each array, consisting of biotinylated protein only, were averaged. These averages were then used to normalize the intensity readings of all spots within each array. The coefficient of variation (CV) for each angiogenic factor was determined by repeating 48-factor arrays for 5 samples. The CV ranged from 3% to 173%. Only the 20 most reproducible factors (with CV , 25%) were used for cluster analysis (Table 1) . A Pearson similarity matrix was constructed based on these 20 most reliable proteins. From this matrix an unsupervised agglomerative hierarchical clustering technique (XLStat version 2007, Addinsoft USA and Microsoft USA, 2007) was used to establish whether the profile of these 20 proteins would group the patients into distinct groups based on their angiogenic signature. The groups of patients were then analyzed for survival using the Kaplan -Meier log-rank test.
Tumor Microvessel Density
For 5 patients from each angiogenic cluster, 4-mm sections from the formalin-fixed paraffin embedded (FFPE) tumor specimens were immunostained for the pan-endothelial marker CD31 using a monoclonal mouse antibody at 1:40 dilution at room temperature for 30 minutes (Dako), followed by horseradish peroxidase -linked antimouse secondary antibody (Dako), 1:30 for 30 minutes at room temperature. Immunostaining was visualized brown with diaminobenzidine (DAB) as chromogen. Sections were counterstained with hematoxylin. Human tonsil was used as positive control, and negative controls (primary antibody omitted) were performed for all samples. These sections were then visualized using a Zeiss Axiom system at low power (×40), high resolution (30 Mb), and the Tagged Image File Format-files were analyzed using ImageJ (version 1.4, NIH Freeware) according to a previously described color deconvolution process to segment out immunolabeled blood vessels. 19, 20 The segmented, binarized image was visually compared with the original image to confirm that blood vessels were reliably selected with minimal background staining. These segmented images were then automatically analyzed for small, medium, and large blood vessels, considered as clusters of pixels ≤49 (roughly corresponding to microvessel diameter of ,10 mm), 50 -99 pixels (10 -15 mm), and ≥100 pixels (.15 mm). The numbers of blood vessels were normalized according to the area of tumor tissue and averaged across 5 different, randomly selected low-power fields per patient to give microvessel density (MVD) per unit tumor area in each low-power field.
Tissue Inhibitor of Metalloproteinase-1 Immunohistochemistry FFPE sections from all 21 patients for whom sufficient tissue samples were available were immunostained for tissue inhibitor of metalloproteinase-1 (TIMP-1) using monoclonal mouse antibody (Novocastra, Leica UK) diluted 1:500 for 30 minutes at room temperature followed by horseradish peroxidase -linked antimouse secondary antibody (DakoCytomation, Denmark) 1:30 for 30 minutes at room temperature. Immunoreactivity was visualized brown with DAB and nuclei were counterstained with hematoxylin. The staining protocol was optimized using human small intestine. Five different fields selected at random from each sample were then scored by an observer who was unaware of the nature of each specimen. Each of the 5 fields received a score from 1 to 5 for overall TIMP-1 positivity modified from Aaberg-Jessen et al. 
Statistical Analysis
Kaplan -Meier survival curves were plotted for the 2 major clusters of glioblastoma patients as determined by their serum angiogenic profiles. Differences between the MVDs of each cluster were assessed using the analysis of variance (ANOVA) test for serial correlation. A Cox regression model was used to establish if any serum angiogenic proteins were individually predictive for survival either in univariate or multivariate analysis. Independent variables were classified as patient age in years, sex, KPS at presentation, extent of surgical resection (biopsy vs .75% debulking), and adjuvant treatment (none, radiotherapy only, radiotherapy and temozolomide).
Results
Glioblastoma Patient Characteristics
Of the 36 patients studied, 12 (33%) were female and 24 (67%) male. The mean age at presentation was 60 years (range 41 -77) and 25 (69%) patients had a KPS at presentation ≥70, denoting independence. Biopsy or volume reduction surgery was undertaken in 31 (86%) patients, and 5 (14%) underwent gross total resection. Eight patients (22%) underwent no further treatment after biopsy, 22 patients (61%) received radiotherapy alone, and 6 (17%) received radiotherapy and temozolomide. The median survival was 30.5 weeks from diagnosis.
Assay Reproducibility
Reproducibility of the assays was quantified in 2 ways. First, since all spots on each array are duplicated, we calculated the correlation coefficient (R) between them. Reproducibility between individual assays was high, with correlation coefficient values of 0.98 or greater with a CV between duplicated assays of 9%. Assays were run in batches of 13 patient sera with high correlation within batches. Variability between arrays was more reliable for some factors and less reliable for others; in particular we found that the measurements of EGF, insulin-like growth factor -II and plateletderived growth factor receptor-beta (PDGFRb) were poorly reproducible. Table 1 lists the angiogenic factors with CV , 25%. For subsequent analyses we included only the 20 factors with CV , 25%. The table also shows the univariate and multivariate prognostic value of each factor (P value) calculated using Cox regression. In the multivariate analysis the P value was adjusted for patient age, sex, Karnofsky score, and adjuvant treatment. 
Analysis of Individual Angiogenic Factors
A Cox regression multivariate model was used to determine the survival predictive value of patient-related factors. We found that a better KPS at presentation, younger age, .75% resection, and adjuvant treatment with radiotherapy and temozolamide all predicted better survival, in keeping with previous series. 22 -24 Of the 48 serum angiogenic factors assayed, only TIMP-1 was correlated with survival, with a higher serum level associated with shorter survival (hazard ratio ¼ 3.2 per 20 000 intensity units increase in TIMP-1; 95% CI 1.2 -16.4, P ¼ .01) independent of the other prognostic factors. This is also shown by the negative correlation between the TIMP-1 level and survival in glioblastoma patients (Fig. 2) . TIMP-1 was one of the most reproducible factors (CV ¼ 5.9%).
We also compared the serum levels of the 20 most reproducible angiogenic factors in the 36 patients with glioblastoma vs the 5 control patients. The levels of 5 of 20 factors (platelet derived growth factor-AA, TIMP-1, PDGFRa, Ang1, and TIMP-2) were significantly different between the glioblastoma and the control patients ( Table 2 ). The levels of the remaining 15 of 20 factors were not significantly different between the 5 control and 36 glioblastoma patients. The mean serum level of TIMP-1 was markedly lower in the control vs the glioblastoma patients ( Fig. 2A) , including the longest (.52 weeks) surviving group of glioblastoma patients (Fig. 2B) .
TIMP-1 Immunohistochemistry
To determine whether the TIMP-1 levels in the serum correlate with the TIMP-1 expression in the tumor, we immunostained the FFPE tumor samples for TIMP-1 (Fig. 3) . We observed marked variability in TIMP-1 immunoreactivity between the samples. Characteristic TIMP-1 positivity could be seen around microvessels in some samples. In other samples, the interstitium as well as the endothelium stained positive; positive tumor cells were also seen. In some, despite clear features of glioblastoma (glomeruloid vascular proliferation and densely packed tumor cells), there was no appreciable TIMP-1 positivity. The overall TIMP-1 immunoreactivity score (range 5-25) was positively correlated with the TIMP-1 intensity from serum analysis with the Pearson correlation coefficient 0.62 (95% CI 0.12 -0.83, P , .005; Fig. 3B ).
Analysis of Angiogenic Profiles
Cluster analysis revealed 2 distinct clusters, termed Cluster 1 and Cluster 2, consisting of 9 and 27 patients, respectively (Fig. 4A) . Median survival was not significantly different between the 2 clusters, at 36 weeks for Cluster 1 and 30 weeks for Cluster 2. Since the 2 patient groups generated by cluster analysis have distinct angiogenic profiles, we reasoned that their respective tumors should also have different vascularities (Fig. 4B) . We therefore compared MVDs between Cluster 1 and Cluster 2 for large (.15 mm diameter equivalent to .100 CD31 positive pixels), medium (10 -15 mm diameter equivalent to 50 -99 CD31 positive pixels), and small (,10 mm diameter equivalent to ,50 CD31 positive pixels) vessels (Fig. 5A) . MVD data for the 3 vessel size groups were analyzed by ANOVA, which suggested overall significantly (P , .01) higher MVD in Cluster 1 vs Cluster 2 (Fig. 5B) . Taken together, these findings indicate that cluster analysis of serum angiogenic profiles can be used to define biologically distinct glioblastoma subtypes.
Discussion
This study investigates the clinical value of serum markers of angiogenesis in glioblastoma obtained preoperatively. We have demonstrated that cluster analysis of multiple angiogenic factors may be used to define groups of tumors with microvascular differences. We have also shown that the level of TIMP1 in the serum at first admission is independently prognostic.
Previous studies have evaluated the role of individual serum angiogenic factors in glioblastoma patients. Rafat et al. 25 showed that levels of serum VEGF and granulocyte-macrophage colony stimulating factor are raised in patients with glioblastoma when compared with healthy controls. Two further studies found that the serum levels of VEGF, bFGF, endostatin, and thrombospondin-1 in glioblastoma patients did not predict survival. 26 -28 In agreement with these studies, our data also indicated that the serum levels of VEGF, bFGF, and 45 other individual angiogenic factors or their soluble receptors (Table 1) do not individually have significant prognostic value. There are several reasons why the serum levels of individual angiogenic factors do not have prognostic value. Some factors may have short serum half-lives and cannot be reproducibly measured under the conditions of our assay, as indicated by high coefficients of variation. Factors with high coefficients of variation were therefore excluded from our analysis. The serum levels of some angiogenic factors may be influenced by a high hepatic degradation rate. Angiogenic protein sequestration in platelets has also been observed. 29 All of these issues may produce significant disparity between the level of an angiogenic factor in tumor tissue vs serum.
A novelty of our work is the simultaneous measurement of many serum angiogenic factors. Rather than using individual angiogenic factors to subclassify glioblastomas, which may be inaccurate, we used many Values are mean + SEM. The glioblastoma and control groups were compared using the two-tailed t-test. factors to identify tumors with distinct angiogenic profiles. We used unsupervised cluster analysis to identify 2 subgroups of glioblastoma. Cluster analysis classifies glioblastomas based on differences in multiple factors that may even be statistically insignificant when used individually. 30 The different angiogenic profiles were associated with markedly different tumor tissue vascularities. We chose MVD as an index of tumor vascularity, which is easily quantified by an automated technique. We found that the 2 subgroups of glioblastoma had significantly different microvessel densities. Other indices of tumor vascularity, not studied here, may also differ between the glioblastoma subgroups. For example, we did not look for the presence of a few large glomeruloid tufts vs several morphologically normal vessels, which was previously associated with better prognosis. 31 Our data suggest that, in glioblastoma patients, a higher serum TIMP-1 level at presentation predicts shorter survival and that TIMP-1 levels in the glioblastoma patients are significantly higher than in normal controls. We included TIMP-1 in the array of proteins studied due to its previous implication in glioma angiogenesis. 32 TIMP-1 expression also simulates the production of VEGF in other carcinoma models. 33 The finding that serum TIMP-1 is prognostic for survival is novel in glioblastoma. This finding agrees with Aaberg-Jessen et al., 21 who have recently shown that high TIMP-1 immunoreactivity in glioblastoma tissue predicts shorter patient survival. Our experiments show that the serum level of TIMP-1 positively correlates with TIMP-1 expression in the tumor tissue. High TIMP-1 expression also predicts shorter patient survival in several other tumor types. For example, overexpression of TIMP-1 is an independent marker of shorter survival in patients with non-small-cell lung cancer, and increased levels of TIMP-1 in the plasma were predictive of poor survival in breast and colorectal cancer. 34 -36 Higher serum levels of TIMP-1 have also been associated with shorter survival in metastatic breast cancer. 37 TIMP-1, a natural inhibitor of matrix metalloproteinase (MMP) enzymes, inhibits in vitro and in vivo tumor cell invasion 38 and binds several members of the metalloproteinase family. TIMP-1 is also a metastasis suppressor gene. 39 In general, the expression of TIMPs is coordinated with that of MMPs. Thus, the activated MMPs are locally inhibited rapidly by TIMPs, and the degradation of extracellular matrix is tightly regulated. 40 The finding that inhibition of MMP-2 causes decreased invasion suggests that TIMP-1 should improve survival. 41 The significant inverse relationship between TIMP-1 and survival in our glioblastoma series and several other tumor types 34 -37 suggests that TIMP-1 may have activity beyond that of an MMP inhibitor. Recently TIMP-1 upregulation has been shown to be involved in mechanisms of developed resistance to anti-VEGF treatment and it is therefore likely to become more important in future glioblastoma research. 42 
Conclusions
We conclude that measuring multiple angiogenic factors in the serum of patients with glioblastoma defines biologically distinct tumor subtypes. Although the serum levels of some angiogenic factors cannot be reproducibly measured using proteomic techniques, measurement of the serum level of some factors was highly reproducible. Serum TIMP-1 concentration correlated directly with tumor tissue TIMP-1 expression and inversely with patient survival.
